Electrospun poly-(ε-caprolactone) (PCL) fibre mats encapsulating Carvacrol (CA) were 5 obtained with good encapsulation efficiency (85%) and CA load (11 % in the fibre). These mats 6 were effective at controlling the growth of Escherichia coli, when the surface density of CA 7 loaded fibres was 1.2 or 1.8 mg/cm 2 , in line with the CA released into the culture medium that 8 exceeded the MIC of the bacteria. However, they were not effective at controlling the growth of 9
Introduction 23
The electrohydrodynamic process known as electrospinning is an efficient and straightforward 24 method with a simple working principle (Bhardwaj & Kundu, 2010 ) that allows micro-and 25 nanoscale polymer structures to be obtained. It can generate continuous (fibres) or discrete 26 (particles) polymer delivery systems able to encapsulate compounds of specific interest for 27 applications in many fields, such as that of medicine (Hamori et Incorporating active natural compounds into biodegradable food packaging materials is an 32 innovative trend that focuses on the enhancement of the quality and shelf-life lengthening of the 33 packaged foods (Majid, Nayik, Dar & Nanda, 2016; Padgett & Han, 1998) , while these 34 biodegradable materials reduce the environmental impact of the packaging waste. The 35 electrospinning technique could be a feasible way to encapsulate the active compound, while 36 providing a controlled delivery system (electrospun layer) when applied to such packaging 37 materials. Electrospun layers provide structures with a large specific surface area for the 38 compound diffusion, while the losses of active compounds during the process are minimized 39 due to the use of room temperatures. 275 nm. CA quantification in the liquid phase was established using the previously obtained 143 calibration curves in each simulant. All analyses were carried out in triplicate, using the 144 respective simulant, in contact with CA-free fibres for the equivalent time, as blank. 145
CA release mathematical modelling 146
Three models were considered to describe the behaviour of the CA loaded PCL fibres in the 147 four food simulants. Considering that the electrospun fibres fuse together at different points 148 throughout their length to form a mat-like matrix, the CA release from the mat can be analysed 149 as a one-dimensional mass transfer process from an infinite plane sheet (Crank, 1975) The boundary conditions taken into account for eq.1 are as follows: 164
166
The mathematical solutions from Fick's equation with eleven terms (n= 0÷10) were optimized 167 using the Solver tool (Microsoft Excel 2016®) by minimizing the Sum of Squared Errors 168
(SSE). 169
Peleg's model (eq. 2) (Peleg, 1988) was also applied to the data, in order to obtain the 170 equilibrium value for the carvacrol release and the release rate for each simulant. Mt /M∞= mass of CA released at time t with respect to the mass released at equilibrium; 185 t = release process time (h); 186 k = rate constant (h -n ); 187 n = diffusional exponent which takes values in the 0÷1 interval (dimensionless). 188
Prediction of CA antimicrobial effect based on the release study 189
Peleg's parameters determined in the modelling step were employed to predict the amount of 190 CA released throughout time in the target product, which must reach the minimum inhibitory 191 concentration (MIC) of the target microorganism to exert the antimicrobial effect. To this end, a 192 contact surface equivalent to a Petri dish of 5.5 cm in diameter with a volume of 10 mL of agar 193 medium (pH=5.6±0.2) was considered. For this simulation, two ES deposition times of 60 and 194 90 minutes (with the subsequent total amount of CA in the mat) and the release profile of CA 195 from PCL mats in A simulant were considered. Simulant A was the most similar in water 196 content to the culture medium. 197
Incorporation of PCL fibres in multilayer starch films 198
PCL fibres were electrodeposited on thermoplastic starch films (S) in order to obtain multilayer 199 films (S-PCL-S). To this end, corn starch films were obtained by melt blending of starch- Antimicrobial in vitro tests were also carried out for multilayer films using the below described 218 method (section 2.6) for fibre mats. 219
Thermal analysis 220
Thermal analyses were carried out in PCL fibres and multilayer assemblies in order to analyse 221 the carvacrol effect on phase transitions and thermal stability of PCL or starch. Differential 222 scanning calorimetry analyses were performed, using a DSC (1 StareSystem, Mettler-Toledo, 223
Inc., Switzerland). Samples (5-15 mg), previously conditioned in P 2O5, were placed into 224 aluminium pans (Seiko Instruments, P/N SSC000C008) and sealed. Samples were heated from 225 25ºC to 120 °C at 10 K/min. Then, they were kept at 120 °C for 5 min, cooled to -60 °C at -10 226 K/min, kept at -60 °C for 5 min and heated again to 200 °C at 10 K/min. An empty aluminium 227 pan was used as reference. Each sample was analysed in triplicate. 228
A thermo-gravimetric analyser (TGA/SDTA 851e, Mettler Toledo, Schwarzenbach, 229 Switzerland) was used to characterize the sample thermal degradation. The analysis was 230 performed from room temperature to 500 °C at 20 °C/min under a nitrogen flow (50 mL/min). 231 DTA and DGTA curves were analysed and the temperature at which the maximum degradation 232 rate occurs was determined (Tmax). Each sample was analysed in duplicate. were properly diluted in TSB to obtain a target inoculum of 10 6 colony forming units (CFU)/ml 241 for E. coli and 10 5 CFU/ml for L. innocua. 242
Circular samples (55 mm in diameter), consisting of starch multilayers or PCL fibre mats (with 243 and without CA) electrospun over thermoplastic starch film acting as support, were placed (withthe electrospun side face down) on inoculated plates (1 ml inoculum on the plate surface) 245 containing 10 mL of tryptic soy agar (TSA) (Scharlab, S.L., Barcelona, Spain). CA-free PCL 246 samples and uncoated inoculated TSA plates were used as controls. Immediately after the 247 inoculation and after 2, 6, 9 and 14 days of storage at 10 ºC, microbial counts were performed. 248
To this end, the Petri dish content was placed aseptically in a sterile stomacher strainer bag 249 Listeria (Scharlab, S.L., Barcelona, Spain). After incubation at 37 ºC for 48 h, the colonies were 255
counted. All determinations were performed in duplicate. 256
Statistical analysis 257
The experimental data was processed using one-way analysis of variance (ANOVA) with the 258 statistics program Statgraphics centurion XVI.I (StatPoint Technologies Inc. Warrenton, VA, 259 USA). 260
3.Results and discussion 261

Electrospun fibre layers of CA loaded PCL 262
The structure of the obtained electrospun matrices can be observed in Figure 1 -4 g/ml) (Burt, 2004) , and the in vitro test conditions for the antimicrobial activity of the fibres used in the present study (section 2.4), were considered. Then, the MIC 288 (µg/ml) was assumed to be reached in 10 ml of medium with a contact surface of 23.76 cm 2 (in 289 a plate of 5.5 cm diameter) with the fibre mat. *corresponding to 100 mL volume of simulant 332 Table 1 shows the maximum values released (M∞), referred to 100 g of the initial ES layer, and 333 estimated by applying Peleg's model to the experimental data. Figure 3 . Both the release rate and asymptotic value 336 were greatly affected by the polarity of the food simulants. The fastest release of CA was 337 observed in 50% ethanol (D1 simulant) and isooctane (D2 simulant), whereas the slowest 338 delivery occurred in the more polar solvents (A: 10% ethanol and B: 3% acetic acid). Those less 339 polar solvents also allow for the maximum delivery of CA from the PCL mats (near 100% of 340 their content), whereas only 75 and 57 % of the content was released at equilibrium in polarsolvents (simulants A and B, respectively). This behaviour agrees with the differences in 342 polarity of the solvent and the corresponding chemical affinity between the polymer matrix, the 343 active compound and the solvent, as previously reported by Tehrany (2007) . In fact, three steps 344 can be described for the active release from the polymeric matrix: 1) solvent diffusion into the 345 polymer network, 2) network relaxation due to solvent plasticization effects, and 3) the 346 diffusion of the compound through the relaxed polymer network, until the thermodynamic 347 equilibrium between the polymer and food system phases is reached (Requena et al., 2017) . 348
These steps can be coupled, especially 2 and 3, depending on the characteristic relaxation time 349 Table 1 also shows the parameters of the Korsmeyer and Peppas model. The values for the "n" 361 exponent reveal that a Fickian diffusion (n≈0.5) takes place when the matrix is in contact with 362 the less polar simulants, whereas an anomalous transport (0.5<n<1.0) can be assumed in the 363 aqueous media (Siepmann &Peppas, 2011), which reveals the coupling of the polymer 364 relaxation in contact with the solvent and the diffusion of CA in the matrix. This agrees with the 365 low solvent-polymer affinity, which will imply a poor capacity of the solvent to penetrate the 366 polymer network. Nevertheless, an apparent diffusion value (D) was estimated in every case 367 (Table 1) considering the electrospun layer thickness (0.16 ± 0.08 mm) and assuming a 368 homogenous medium, despite the nano-porous structure generated in the ES process (Figure 1) , 369
where the solvent could also penetrate by means of capillarity. isooctane, which can be explained by the lower chemical affinity of starch matrix and isooctane, 378 which affects the polymer relaxation and plasticization level, and so, the compound diffusion.
From the obtained kinetic behaviour, no total CA release would be expected from PCL mats in 380 the more polar food systems regardless of their pH, whereas it would be fully delivered in more 381 fatty foods, due to the greater CA solubility and polymer relaxation during the food contact. 382 Likewise, less time will be required for the maximum release in fatty foods (emulated by D1 383 and D2 simulants), than in more aqueous products (emulated by A and B simulants), where 384 longer times would be needed. 385 386
Antibacterial properties of the CA loaded fibres 387
Based on the release profile, the amount of CA released in the incubation plates (55 mm in 388 diameter, with 10 mL of agar medium), used in the in vitro antimicrobial test, was predicted, 389 considering the behaviour of the medium to be similar to that of the simulant A (10 % ethanol in 390 water). MIC values were reached, but for L. innocua, the amount released at equilibrium was in the 399 range limit after about 5 h of contact. This can imply a lack of antilisterial activity, since a high 400 degree of bacterial growth will occur during this period. 401 would be required to obtain antilisterial activity, whereas 90-min electrodeposited mats were 422 able to exert an antibacterial effect against E. coli, taking into account the total CA load and its 423 release kinetics in the culture medium. 424 
Multilayer starch films with electrospun PLC fibres with and without CA 431
The efficiency with which PCL electrospun fibres improve the functional properties of starch 432 films, either as packaging material or antimicrobial activity, was analysed through the 433 measurement of the tensile, barrier and optical properties of the films as well as the in vitroantibacterial capacity for E. coli and L. innocua. The ES layer thickness in the multilayer film can be deduced from the respective difference 442 values as regards the SS bilayer. The resulting thickness was affected not only by the ES layer 443 thickness but also by the relative radial flow of the PCL in the mats during the 444 thermocompression step of multilayer. In general, no significant differences were observed in 445 the measured thicknesses of the multilayer films, all of which were about 70-120 µm thicker 446 than the SS bilayer. This indicates that, regardless of the initial thickness of the ES layer, its 447 flow and compaction during thermocompression led to non-significant differences in the 448 multilayer film thicknesses. The equilibrium moisture content of the multilayers was not 449 significantly affected by the presence of the PCL fibre, this being 7.3 ± 0.2 g/100 g dry film. 450
As concerns the barrier properties, the WVP was greatly reduced when PCL fibres were present 451 between the starch layers: 65 and 80 % reductions for 60 and 90-min electrodeposited layers, 452 respectively ( Table 2 ). This indicates the effectiveness of the parallel assembly of the PCL 453 sheet, with a different surface density in the multilayer film, at limiting the transport of water 454 molecules, as previously observed in starch-PCL bilayer films by Ortega-Toro et al. (2015) . 455
Nevertheless, no changes in the oxygen permeability of the SS films were observed, due to the 456 fact that starch layers are actually the limiting material for the gas transport. As concerns tensile 457 behaviour, the inclusion of PCL mats in multilayer films implied a slight reduction of the film 458 stiffness and tensile at break, which can be attributed to the discontinuity introduced at the 459 interlayer zone in the multilayer. This reduced the film's cohesion forces at the interfacial area, 460
where no great chemical affinity could be expected for the PCL chains in contact with the starch 461 matrix. However, no significant changes in the film extensibility were observed, except when 462 CA-loaded PCL fibre produced for 90 min was included. In this case, films become slightly less 463 stretchable and resistant, which could be attributed to a certain degree of CA diffusion into the 464 starch matrix of bilayer, giving rise to a weakening effect in the starch multilayer. This effectwas also observed at lower intensity in multilayers containing 60 min electrospun PCL with CA. 466
The optical properties of the multilayer films were hardly affected by the PCL mat inclusion. 467
The internal transparency (Ti) was the most affected optical property due to the greater opacity 468 In contrast, DSC thermograms of multilayer films also revealed the crystalline structure of PCL 492 in the electrospun layer, although no effect of CA was observed on its crystallization and 493 melting temperatures (Table 3) , which coincided with those observed for pure PCL mats, these 494 being in the range previously reported for PCL films (Ortega-Toro et al., 2015) . The values of 495 crystallization and melting enthalpy from the different scans did not show significant 496 differences for a determined sample, which indicates that the film process formation induced 497 similar PCL crystallization to that obtained in the DSC scan conditions. Small differences in the 498 enthalpy values among the different samples can be attributed to the fluctuations in the 499 electrospun layer thickness in the different small bilayer samples used in the DSC analysis. This 500 melting behaviour of PCL in multilayers, similar to that of pure PCL fibres, suggests that a high 501 proportion of CA migrated to the starch sheets in the multilayer assembly, since the potential 502 remaining amount in the PCL internal sheet was not enough to affect the PCL melting 503 behaviour. On the other hand, the glass transition temperature of the starch (Table 3) was 504 slightly reduced in multilayers containing CA-loaded fibres, particularly when this fibre mat 505 was thicker, with the subsequent higher load of CA. This is coherent with the afore-mentioned 506 small changes in the tensile behaviour of multilayers containing carvacrol. 507 Table 3 . Phase transitions in the starch multilayer films containing electrospun PCL fibres (glass 508 transition temperature of starch (T g), and melting and crystallization temperatures and enthalpy 509 of PCL). Different superscript letters in the same row indicate significant differences (p<0.05) 510 between multilayers. 511 CA load, a shifting of this temperature occurred which indicated the CA-starch interactions as a 518 result of the CA diffusion into the starch layers. On the other hand, the thermodegradation of 519 PCL was also affected by CA interactions, exhibiting a lower temperature in the maximum 520 degradation rate. A higher residual mass was also observed in CA-loaded multilayers. This 521 behaviour suggests the participation of CA in both starch and PCL matrices with enough 522 interaction forces to modify their thermal stability and modify the tensile behaviour of the films, 523 as previously commented. 524 
S-PCL60-S and S-PCL90-S). 533
The CA diffusion into the starch layers could affect the antimicrobial activity of the multilayer 534 films, with respect to that observed for CA-loaded mats, which was analysed. The antibacterial 535 activity of the multilayer films revealed from the in vitro test (Figure 9 ), indicates a similar 536 behaviour to that observed for the CA-loaded PCL mats. No antilisterial effect was observed, 537 while a delayed action against E. coli was observed. This delay can be explained by the thicker 538 layer (starch layer) where CA must diffuse to reach the target point in the culture medium. From 539 This effect was more intense when CA-loaded fibres were thicker (90 min electrodeposited), in 542 agreement with the higher CA load in the multilayer. Then, CA-loaded electrospun PCL fibres 543 applied to multilayer starch films allows for effective antibacterial action against E. coli to a 544 similar extent to that observed in the isolated fibres, but with a slightly retarded effect. 545
Likewise, the electrospun PCL layers were greatly effective at reducing the WVP values of 546 starch films, without relevant changes in their tensile or optical properties. 547
548
Conclusions 549
Electrospun PCL fibre mats encapsulating CA were effective at controlling the growth of E. 550 coli, when the surface density of CA loaded fibres was 1.2 and 1.8 mg/cm 2 , the latter being 551 more effective. In both cases, the CA released into the culture medium exceeded the MIC of the 552 bacteria. Nevertheless, these mats were not effective at controlling the growth of L. innocua, 553 since a greater release of CA was necessary to achieve the MIC of this bacterium. Not only did 554 the CA load in the fibres determine their antimicrobial effect, but also its release capacity into 555 the aqueous media. In this sense, the fibre showed a faster release and higher release capacity of 556 the active in fatty foodstuffs (simulants D1 and D2), where practically the total amount of CA 557 could be released from the fibres. However, in more aqueous food systems (simulants A and B), 558 such as the bacteria culture medium, a more limited CA delivery (60-75 %) occurred with a 559 slower rate, which reduced the potential effectiveness of the encapsulated active. This meant 560 that the Gram negative bacteria (E. coli) could be effectively inhibited, whereas no growth 561 inhibition was observed for Gram positive (L. innocua), which would require a greater surface 562 density of the electrospun CA-loaded PCL fibres. This behaviour was reproduced in multilayer 563 starch films containing the CA-loaded electrospun PCL fibres between two starch sheets, 564 although a delayed response was observed for the antimicrobial action. In these multilayer 565 films, a great reduction in the water vapour permeability was also observed with respect to that 566 of starch films, without any notable changes in the other packaging functions. Therefore, active 567 electrospun PCL fibre in multilayer starch films represents an interesting alternative for the 568 purposes of active food packaging. 569
